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The P r o j e c t  Analysis  and I n t e g r a t i o n  (PA&I) t a s k  of t h e  F l a t -P l a t e  S o l a r  
Array (FSA) p r o j e c t  has  prepared economic eva lua t ion  methods and ana lyses  of 
emerging photovol ta ic  (PV) technology s i n c e  1976. The purpose of t h i s  paper 
i s  t o  apply t h i s  type  of a n a l y s i s  t o  t h e  s i l i c o n  r e sea rch  po r t i on  of t h e  PV 
Program i n  order  t o  determine t h e  importance of t h i s  r e sea rch  e f f o r t  i n  
r e l a t i o n s h i p  t o  t he  succes s fu l  development of commercial PV systems. 
This  a n a l y s i s  addresses  a l l  four  of  t h e  gener ic  types  of PV t h a t  use  
s i l i c o n .  The f i r s t  gener ic  type  of PV i s  the  one t h a t  u se s  t h e  most s i l i c o n ,  
where c r y s t a l l i n e  s i l i c o n  ingo t s  a r e  grown e i t h e r  by t h e  Czochralski method o r  
by some s o r t  of ingot  c a s t i n g  method. The second type  of PV uses  r ibbons  t h a t  
a r e  pu l led  d i r e c t l y  from molten s i l i c o n ,  thus avoid ing  m a t e r i a l  l o s s e s  
a s soc i a t ed  wi th  sawing wafers  from an ingot .  The t h i r d  type  of PV device  i s  
an amorphous s i l i c o n  t h i n  f i l m ,  which a t tempts  t o  achieve low c o s t  by 
minimizing s i l i c o n  m a t e r i a l  u t i l i z a t i o n .  A fou r th  type  of PV device i s  t h e  
concent ra tor  system, which can use high concen t r a t i on  l e n s e s  (500x t o  1 0 0 0 ~ )  
t o  minimize s i l i c o n  m a t e r i a l  u t i l i z a t i o n .  This l a s t  type  of PV technology can 
be  analyzed very  simply because t he  amount of s i l i c o n  used w i l l  be roughly 500 
t o  1000 times l e s s  per  u n i t  of  PV energy produced than  would be  t h e  c a s e  wi th  
t h e  f i r s t  gener ic  type of PV. 
SILICON COST RANGE 
In  order  t o  show t h e  va lue  of t h e  s i l i c o n  r e sea rch  program, it is f i r s t  
necessary t o  c o n s t r u c t  a  hypo the t i ca l  range of s i l i c o n  p r i c e s  t h a t  would occur  
i f  t h e r e  had been no program. I n  1975, a t  t h e  s t a r t  of t h e  program, t h e  p r i c e  
of semiconductor grade p o l y c r y s t a l l i n e  s i l i c o n  was $50/kg. I n  order  t o  
s t anda rd i ze  f i n a n c i a l  u n i t s ,  t h i s  c o s t  f i g u r e  (and a l l  subsequent c o s t  f i g u r e s  
i n  t h i s  paper) w i l l  be i n f l a t e d  t o  1982 d o l l a r s .  I n f l a t i o n  over t h a t  per iod 
was a  f a c t o r  of 1.68, thus i f  t h e  p r i c e  of  s i l i c o n  had increased with 
i n f l a t i o n  i t  would now be $84/kg i n  1982 d o l l a r s .  However, t h e  market p r i c e  
of s i l i c o n  f l u c t u a t e s  due t o  changes i n  supply and demand, so  t h a t  a  p r i c e  
range o f  $50/kg t o  $120/kg i n  1982 would be appropr ia te .  
However, a  s i l i c o n  manufacturing research  program has  been conducted 
s i n c e  1975, which i s  expected t o  have a  s i g n i f i c a n t  impact on f u t u r e  s i l i c o n  
p r i ce .  L, Re i t e r  (Ref. 1 )  conducted a  s tudy where PV p r i c e s  were p ro j ec t ed  
f o r  t he  1990s. In  t h i s  s tudy ,  p r i c e  was def ined a s  t h e  revenue r equ i r ed  t o  
meet a l l  d i r e c t  and i n d i r e c t  c o s t s ,  inc lud ing  t h e  a f t e r - t a x  r e t u r n  on 
investment t h a t  i s  normally obtained by the  chemical i ndus t ry ,  Three 
technologies  were analyzed: t h e  Union Carbide f l u i d i z e d  bed r eac to r  p rocess ,  
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t h e  Hemlock process ,  and t h e  Union Carbide Komatsu process .  The major 
components of each process  were assessed  i n  terms of t h e  c o s t s  of c a p i t a l  
equipment, l abo r ,  m a t e r i a l s ,  and u t i l i t i e s .  These assessments were encoded a s  
t he  p r o b a b i l i t i e s  ass igned by expe r t s  f o r  ach iev ing  v a r i o u s  c o s t  va lues  o r  
product ion r a t e s .  The r e s u l t  was a combined p r o b a b i l i t y  curve of  s i l i c o n  
c o s t .  This i s  a reasonable  approach because of  t h e  u n c e r t a i n t i e s  i nhe ren t  i.n 
a r e sea rch  program and i n  p r o j e c t i o n s  of t h e  fu tu re .  The 1st and 99th 
p e r c e n t i l e s  of  t h e  r e s u l t i n g  p r o b a b i l i t y  s u w e  were approximately $lO/kg and 
$30/kg ( i n  1982 d o l l a r s ) ,  r e s p e c t i v e l y .  These va lues  a r e  used i n  t h i s  
a n a l y s i s  a s  t h e  range of s i l i c o n  p r i c e s  t h a t  may be  found i n  t he  i ndus t ry  i n  
t h e  1990s, due t o  t h e  s i l i c o n  r e sea rch  program. 
The impact of s i l i c o n  r e sea rch  on PV c o s t s  i s  determined not  only on t h e  
two c o s t  ranges descr ibed  above, bu t  a l s o  on t h e  amount of s i l i c o n  needed t o  
c o n s t r u c t  a PV device.  This amount w i l l  va ry  with d i f f e r e n t  types  of PV 
technology. 
INGOT AND RIBBON PHOTOVOLTAICS 
Ingots  r e q u i r e  t h e  g r e a t e s t  amount of  s i l i c o n  per square meter of  PV 
c e l l .  The th i cknes s  of the  wafer must be increased by t h e  s i z e  of t h e  k e r f  
l o s s ,  which v a r i e s  with d i f f e r e n t  types of saws. S i l i c o n  u t i l i z a t i o n  is a l s o  
reduced by ingot  growth l o s s e s ,  s l i c i n g  l o s s e s ,  and c e l l  manufacturing 
y i e l d s .  Table 1 provides  r e p r e s e n t a t i v e  va lues  f o r  each of t he se  parameters ,  
and shows t h a t  between 1.6 and 2.8 kilograms of s i l i c o n  a r e  requi red  f o r  every 
square  meter of PV c e l l  a rea .  
Table 1. Ingot  PV S i l i c o n  Mass per Square Meter of  Ce l l  
Kiligrams of 
Representative Yields (%) Silicon 
Thickness per Square Meter 
(mils) S a w T y p e  Growth Slice Cells Cumulative of Cell 
16 9 5 70 8 5 5 7 1.68 
20 Wire 95 9 0 85 7 3 1.63 
24 ID 9 5 9 5 8 5 7 7 1.85 
28 Prl BS 95 9 5 8 5 7 7 2.16 
3 2 9 5 9 5 8 5 7 7 2.47 
36 95 9 5 8 5 7 7 2.78 
One of t h e  major reasons f o r  t h e  development of r ibbon technology is t o  
reduce the  amount of s i l i c o n  t h a t  must be u t i l i z e d  t o  manufacture PV c e l l s ,  
Table 2 shows the  th ickness  a s soc i a t ed  with four  types of ribbon. Typica l ly  
t hese  range from 4 m i l s  t o  l 4  m i l s  of c r y s t a l  th ickness ,  with no k e r f  l o s s .  
A s  a  r e s u l t ,  t h e  number of kilograms of s i l i c o n  per  square meter of c e l l  i.s 
reduced s i g n i f i c a n t l y .  
Table 2. Ribbon PV Sil . icon Mass per Square Meter of Ce1.l. 
Kiligrams of 
Representative Yields (%) Silicon 
Thickness per Square Meter 
(mils) Ribbon Type Growth Cells Cumulative of Cell 
1 Web 
t LASS 90 85 77 95 8 5 8 1 
1 ESP 95 85 8 1 
95 8 5 8 1 
The r e s u l t s  of Tables 1 and 2  can be combined with t h e  s i l i c o n  c o s t  
ranges developed previously t o  show the  con t r ibu t ion  of s i l i c o n  t o  PV module 
c o s t .  This i s  done i n  Table 3, where the  con t r ibu t ion  t o  PV module c o s t  is 
expressed i n  1982 $/sqm. I n  t hese  u n i t s  i t  i s  poss ib l e  t o  compare those  
r e s u l t s  with t h e  DOE Program goal  f o r  modules, which is $90/sqm. It can be 
seen immediately t h a t  without  a s i l i c o n  research  program t h a t  ingot  PV would 
have no chance of meeting the  DOE goal ,  p a r t i c u l a r l y  when it is r e a l i z e d  t h a t  
p a r t  o f  t h a t  goa l  must be a l l o c a t e d  t o  t h e  c o s t s  of ingot  growth and s l i c i n g ,  
c e l l  f a b r i c a t i o n ,  and module encapsula t ion  (Ref. 2,3).  In  t h e  l a t e s t  pub1 ished 
s e t  of Al loca t ion  Guidelines (pg 502, Ref. 31, t h e  a l l o c a t i o n  f o r  s i l i c o n  and 
shee t  f a b r i c a t i o n  ( inc luding  c o s t s  a s soc i a t ed  wi th  l abo r ,  investment, and 
u t i l i t i e s ,  a s  we l l  a s  f o r  m a t e r i a l s )  f o r  an  advanced, 15% e f f i c i e n t  module i.s 
$31 per  square meter i n  1982 d o l l a r s .  Because of t he  s i l i c o n  research  program, 
ingot  technology may have some chance of meeting t h e  M E  energy c o s t  goa l ,  
p a r t i c u l a r l y  i f  c e l l  e f f i c i e n c i e s  can be increased above 15%, bu t  only i f  
s i l i c o n  u t i l i z a t i o n  r a t e s  a r e  minimized and s i l i c o n  p r i c e  comes i n  a t  t h e  low 
end of t h e  p r o b a b i l i t y  range, and reduct ions  i n  t h e  o t h e r  c o s t s  of shee t  
product ion ( ingo t  growth and s l i c i n g )  a r e  r ea l i zed .  
Ribbon technology has what appears  t o  be a  more r e a l i s t i c  chance of  
achiev ing  the  DOE energy c o s t  goal  because i t  uses  l e s s  s i l i c o n .  The s i l i c o n  
c o s t  r educ t ion  research  program s t i l l  plays an important r o l e  i n  t he  develop- 
ment of  t h i s  technology, however, because i t  provides potenti .al  cos t  reduct ions  
t h a t  range from $14/sqm t o  $106/sqm of ceT1, 
Table 3 ,  Silicon Con t r ibu t i on  t o  Ingot  PV c o s t  
KiBaagrams sf 
Silicon per Silicon Cost (1 982 Slkg) 
Sheet Square Meter 
TY P@ cell 10 20 30 50 84 120 
Ribbon 0.30 
0.45 
0.60 
0.75 
0.90 
1.05 
A burden rate of 20% and a cell-to-module area ratio of 0.94 are assumed. 
AMORPHOUS SILICON PHOTOVOLTAICS 
Amorphous s i l i c o n  i s  grown from s i l a n e .  High e f f i c i e n c y  i s  r equ i r ed ,  and 
i n  order  t o  ob t a in  h igh  e f f i c i e n c y ,  it i s  l i k e l y  t h a t  only very pure (device  
grade)  s i l a n e  can be  used. A t  t h i s  t ime,  device grade s i l a n e  c o s t s  from 
$500/kg t o  $2000/kg. I n  i n d u s t r i a l  q u a n t i t i e s  t h i s  c o s t  range might go down 
t o  $200 t o  $500/kg. However, a  sp inof f  from t h e  s i l i c o n  r e sea rch  program i s  a  
Union Carbide method t o  produce very pure s i l a n e  a t  a  c o s t  of $5/kg t o  $lO/kg. 
An important f e a t u r e  of t h i n  f i l m  photovol ta ics  i s  t h e  f a c t  t h a t  very 
l i t t l e  m a t e r i a l  is used. Mater ia l  requirements  w i l l  be p ropor t i ona l  t o  device  
t h i cknes s ,  s i l a n e  u t i l i z a t i o n  r a t e s ,  and module y i e l d .  I n  t h i s  a n a l y s i s ,  a 
nominal th ickness  of  0.7 microns is  used,  a long wi th  a  range of s i l a n e  
u t i l i z a t i o n  r a t e s  of  2% t o  40%. Module y i e l d  is  no t  known a t  t h i s  t ime,  but 
f o r  purposes of t h i s  a n a l y s i s  a  range of 50% t o  100% is  used. The 50% f i g u r e  
was s e l e c t e d  a s  a  lower bound because it is  u n l i k e l y  t h a t  amorphous s i l i c o n  
would be commercially v i a b l e  a t  lower y i e l d s ,  due t o  t he  c o s t s  of module 
encapsula t ion  m a t e r i a l s  and processing (Ref. 4 ) .  
Table 4 shows t h e  amount s f  s i l a n e  used per square meter of c e l l  a r e a ,  
based on the  f i g u r e s  descr ibed  above, It can be  seen  t h a t  m a t e r i a l  
u t i l i z a t i o n  is  indeed lower f o r  t h i s  technology. TSre worst ease  amorphous 
s i l i c o n  m t e r i a l  requirement is  a f a c t o r  of 2 l e s s  t han  t h e  lowest s i l i c o n  
m a t e r i a l  requirements f o r  r ibbon technology, and i n  most cases  i.t is a g r e a t  
d e a l  lower. 
Table 4. Amorphous S i l i c o n  S i l ane  Mass per  Square Meter of  Ce l l  
Kilogram Silane 
per Square Meter Silane Cost ($/kg) 
of Cell 5 10 200 500 
A burden rate of 20% and a cell-to-module area ratio of 0.94 are assumed. 
These low s i l a n e  ma te r i a l  requirements a r e  combined with t h e  r a t h e r  l a r g e  
s i l a n e  c o s t  range i n  Table 5, t o  ob ta in  s i l a n e  con t r ibu t ion  t o  t h e  c o s t  o f  an 
amorphous PV module, i n  1982 d o l l a r s  per square meter of module. It can be  
seen immediately t h a t  t he  lower s i l a n e  c o s t s  t h a t  may r e s u l t  from t h e  s i l i c o n  
research  program s i g n i f i c a n t l y  reduces the  s e n s i t i v i t y  of s i l a n e  u t i l i z a t i o n  
r a t e  on module c o s t ,  and thus may s impl i fy  t h e  development of t h i s  technology 
considerably.  I f  s i l a n e  c o s t  were t o  remain a t  $500/kg, then ma te r i a l  
u t i l i z a t i o n  r a t e s  would be a c r i t i c a l  parameter which might conceivably 
compromise the  achievement of o t h e r  t a r g e t s  t h a t  must be met i n  order  t o  
commercialize t h i s  form of PV. 
Table 5. S i l ane  Contributi .on t o  Module Cost (1982  $/sqm) 
IMPACT ON PHOTOVOLTAIC ENERGY COST 
There a r e  a  number o f  ways t h a t  PV energy c o s t  can be d e r i v e d  from module 
c o s t  and o t h e r  f a c t o r s  t h a t  need t o  be  cons idered .  The s t a n d a r d  approach o f  
t h e  DOE PV r e s e a r c h  program i s  d e s c r i b e d  i n  t h e  F ive  Year P h o t o v o l t a i c  
Research P l a n  (Ref. 51, and a d i s c u s s i o n  o f  how t o  b e s t  implement t h a t  
approach can b e  found i n  JPL ' s  s e n s i t i v i t y  a n a l y s i s  o f  c e n t r a l  s t a t i o n  
p h o t o v o l t a i c  sys tems (Ref. 6 ) .  While t h e r e  a r e  many f a c t o r s  t o  b e  c o n s i d e r e d  
such as i n s o l a t i o n  l e v e l s ,  t r a c k i n g  o p t i o n s ,  and system l i f e t i m e ;  two v e r y  
important  f a c t o r s  a r e  module c o s t  and module e f f i c i e n c y  (page 2 ,  Ref. 6 ) .  
The DOE energy c o s t  g o a l  i s  $0.15/kWh. Using t h e  DOE energy c o s t  
e q u a t i o n  and JPL's recommended parameter v a l u e s  f o r  a  f i x e d  f l a t  p l a t e  sys tem 
a  rough r u l e  o f  thumb can  be c a l c u l a t e d  t o  de te rmine  t h e  s e n s i t i v i t y  o f  energy 
c o s t  t o  changes i n  module c o s t .  I f  t h e  module i s  15% e f f i c i e n t ,  t h e n  a  
$lO/sqm change i n  module c o s t  w i l l  r e s u l t  i n  a  $0.0l/kWh change i n  sys tem 
energy c o s t .  Th i s  r u l e  o f  thumb can be used f o r  b o t h  i n g o t  and r i b b o n  
technology. I f  t h e  module i s  10% e f f i c i e n t ,  t h e n  a  $6.6/sqm change i.n module 
c o s t  w i l l  r e s u l t  i n  a $0.0l/kWh change i n  sys tem energy c o s t .  Th i s  r u l e  o f  
thumb can be a p p l i e d  t o  f u t u r e  t h i n  f i l m s  o r  t o  low e f f i c i e n c y  (e.g., c a s t  
i n g o t s  u s i n g  lower g r a d e  s i l i c o n )  types  o f  PV modules. 
S u c c e s s f u l  s i l i c o n  r e s e a r c h  and commercia l iza t i .on w i l l  reduce t h e  c o s t  of 
energy from i n g o t  PV by about $ 0 . 1 5 / k ~ h .  Th is  r e p r e s e n t s  c r i t i c a l  p r o g r e s s  
towards v i a b i l i t y  f o r  t h i s  type o f  PV module. Without s i l i c o n  r e s e a r c h ,  t h e  
energy c o s t  from t h i s  t y p e  o f  PV approach would be  a t  l e a s t  double  t h e  DOE 
goa l .  
Energy cos t  from ribbon PV is reduced by about $0.03/ke~k f o r  the  th inner  
ribbons (web), and by about Q o , o s / ~  f o r  the th icke r  ribbons (EFG, ESP). 
Successful s i l i c o n  research has been very imppartant f o r  t h i s  type of PV 
approach. Without t h a t  research,  energy coats  would be a t  l e a s t  20% t o  30% 
above t h e  DOE goal. 
Energy cos t  from amorphous s i l i c o n  systems w i l l  be reduced by about 
$0.0l/kWh t o  $0.04/kWh i f  s i l a n e  u t i l i z a t i o n  is  on the  order  of 10% t o  2%, 
respect ive ly .  Successful s i l a n e  R&D w i l l  make it unnecessary t o  achieve high 
mate r i a l  u t i l i z a t i o n  r a t e s ,  and thus is an important s t e p  i n  the  development 
of v i a b l e  commercial amorphous s i l i c o n  PV. 
Energy cos t  from concentrat ing systems i s  2 t o  3 orders of magnitude l e s s  
s e n s i t i v e  t o  the  cos t  of s i l i c o n  than f l a t  p l a t e  ingot technology, and 
the re fo re  t h i s  research program w i l l  not  be  a f a c t o r  i n  t h e  successful  
commerciallization of t h i s  p a r t i c u l a r  technology. However, a l l  of the  f l a t  
p l a t e  v a r i e t i e s  of PV t h a t  use s i l i c o n  have benef i ted  g r e a t l y  by the  success 
of t h i s  p a r t  of the  DOE PV research Program. 
CONCLUSION 
A successful  s i l i c o n  research program w i l l .  play a major r o l e  i n  t h e  
e f f o r t  t o  reduce the  cost  of energy derived from photovoltaic systems. Thi.s 
is p a r t i c u l a r l y  t r u e  fo r  today's  commercial technology, which is  ingot-based, 
and w i l l  remain t r u e  fo r  the  major f l a t  p l a t e  PV options of t h e  foreseeable  
fu ture .  
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6 .  C r o s e t t i ,  M. R . , '  e t .  a l . ,  
DISCUSSION 
SCWHlDT: You used a comparison between ingot and ribbon, and E would like to 
corntent OK t h a t ,  Typically, there Isn" a lot of segregation in ribbon 
processes and, therefore, the quality sf the silicon material used for 
ribbon should be much higher than for an ingot process. There is very 
effective segregation using a good ingot process and lower quality 
material could be used, and the overall cost would be about the same or 
maybe even less. 
ASTER: Thank you for that coment. There are a lot of tradeoffs between 
material use and efficiency. It's difficult to predict what the ultimate 
answer is for that comparison. 
HUmG: You presented data for ribbon and amorphous-silicon technologies. What 
is the position in your calculations for the combination of solar-grade 
silicon with,a casting process? 
ASTER: 1% not sure what solar-grade silicon is. If metallurgical-grade 
silicon is used, the module efficiencies are too low to be commercially 
useful . 
HWmG: X don't mean metallurgical-grade silicon. I mean solar-grade silicon 
as it is conventionally defined. 
ASTER: Edell, when the FSA Project started, there was a belief that a solar- 
grade silicon could be produced that would be significantly less costly 
than semiconductor-grade silicon, and part of the Project had a goal of 
developing those processes. I used the data for the Union Carbide and 
Hemlock Semiconductor processes in my calculations. I assumed $10 to 
$30/kg for those processes. There may be other, less expensive processes 
producing silicon adequate for cells. Please comment on them, if you will. 
H W a G :  This morning, the NED0 processes for semiconductor-grade silicon and 
solar-grade silicon were described. Where would be the position of that 
type of solar-grade material coupled with a casting process in your 
calculations on the assumption of 110% module efficiency? 
ASTER: $ would use the same technology as I used for semiconductor-grade 
silieon, since it applies to casting as well as for Czochralski ingots. 
Then, I would use the $7/m2 of module cost which is equivalent to 
$0.0%/kWh; I think this percentage/kilowatt hour is appropriate. Of 
course, usefulness sf the solar-grade silicon for 10% cells would have to 
be demonstrated. 
PELELN: ms rphous  silicon requires a substrate, whether it be plastic, glass, 
or stainless steel. Wow would the amorphous silicon compare when the cost 
of the substrate is included? 
ASTER: Well, the best way ts compare the sost of rather different photovoltaic 
technologies is on the basis sf energy cost. These have been attempts to 
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I do it in many other ways, The basis of dellars/square meter is probably 
not appropriate, because efficiency is important, We do know the cost sf 
the substrate, the metallization of amorphous silicon, and so forth, will 
probably be about $3/m2 in any event, even if the photovoltaic system is 
free. The comparisons have to be made on a comon basis to be valid. The 
best. comon basis is energy cost, and I believe the program goal of about 
$50/m2 for 10% amorphous-silicon modules is roughly equivalent to 
$90/m2 for a 15% module in terms of energy cost. 
LEIPOLD: I have a conunent rather than a question. When considering other 
elements of amorphous-silicon cost (for example, the silane utilization of 
2 to 5 % ) ,  the need to dispose of the other 95 to 982 of the unutilized 
silane may, in fact, cost more than the product that is put in. 
ASTER: I think that, eventually, the maturity of research in that area will 
allow us to look at the effluent cost and other aspects of the cost, and 
then we can do a complete cost analysis of that technology. I think it's 
too early to do that at this point. 
WRIGHT: We are in the process of completing a paper for the Electric Power 
Research Institute that will be published some time in December or 
January. In the paper, we go over the four technology areas that you have 
commented on. Effluent disposal in amorphous-silicon production was 
accounted for in our cost model. I'm not prepared to present our results 
at this time, but I feel you might be interested in looking at the 
published paper. 
